In this study, a variation of the substrate temperature during plasma enhanced chemical vapor deposition of hydrogenated amorphous silicon is reported, which revealed a local minimum of the optical bandgap. It is shown, that the silicon monohydride bond density is more appropriate to describe this dependency than the commonly discussed layer properties hydrogen concentration and structural disorder. Furthermore, a high silicon monohydride bond density regime is suggested, in which the optical bandgap is independent of the bond density. This hypohesis explains previously published constant optical bandgaps under variation of the hydrogen concentration and structural disorder.
Introduction
Hydrogenated amorphous silicon (a-Si:H) layers are successfully implemented in photovoltaic applications [1] . For each purpose it is important to know and control the structural, optical and electronic properties of the specific layer. Even if these properties have been investigated for more than forty years, there are still unresolved discussions ongoing, especially about the fundamental layer property determining the optical band gap E gap of a-Si:H. One line of publications argues for the structural disorder with a monotonic decreasing relation (disorder increase, E gap decrease) [2, 3] and another line for the hydrogen concentration c H with a monotonic increasing relation (c H increase, E gap increase) [4, 5] . The difficulty of this discussion lies in the interdependency of both properties [6, 7] . Therefore, some authors concluded that neither the hydrogen concentration nor the structural disorder influences E gap in an isolated way [8, 9] . The authors in [9] found from a simulation study, that the hydrogen concentration influences E gap only if the a-Si:H is undersaturated with hydrogen, while E gap reaches a constant value independent of the hydrogen concentration for saturated a-Si:H.
In the present study, the influence of the substrate temperature during deposition on E gap is investigated, as this parameter affects both the hydrogen concentration and the structural disorder. It is shown that both quantities are necessary to describe an observed local minimum of E gap , while the silicon monohydride (Si-H) bond density describes this dependency alone. Previous studies investigating the influence of the deposition temperature revealed monotonic decreasing E gap values [4, 10] or constant E gap values with increasing deposition temperature, even if the structural disorder was reduced significantly [11] .
In order to support the ongoing discussion a high Si-H bond density regime is suggested, which explains the above mentioned constant E gap values in [11] and it does also support the discussion about the E gap values independent of the hydrogen concentration for saturated a-Si:H in [9] .
Experimental

Deposition
a-Si:H layers were plasma-enhanced chemical vapor deposited (PECVD) on chemically polished boron doped silicon floating zone wafers (~1 Ωcm) with a thickness of~230 μm using a direct plasma reactor (PlasmaLab 100 from Oxford Instruments) immediately after a short dip in hydrofluoric acid solution (5%) to remove the native silicon oxide. All plasma parameters were kept constant except for the substrate heater set temperature (in the following referred to as deposition temperature), which was varied between 100°C and 400°C (see Table 1 ). Since the deposition duration was kept constant and the deposition rate increases with increasing deposition temperature [12] , the resulting layer thickness was also increased. Additionally, the atomic hydrogen concentration is reduced with increasing deposition temperature, which was previously measured on similar samples using resonant nuclear reaction analysis (NRA) [13] . This technique determines the hydrogen concentration by measuring the γ-ray yield from a resonant nuclear reaction of 15 N ions with the hydrogen in the a-Si:H layer [14] .
Spectroscopic ellipsometry
Layer thicknesses as well as the wavelength dependent refractive indices n and extinction coefficients k were determined by spectroscopic ellipsometry (SE) using a Vertical VASE Rotating Analyzer Ellipsometer (J.A. Woollam Co., Inc.) in the spectral range of 240-2000 nm with a step width of 10 nm and 40 measurements per step at 70°, 75°and 80°incident angles. The evaluation was divided into two steps. First, a reference sample without an a-Si:H layer was measured by SE and a table of optical constants (n, k) was created with a so called point-by-point fit of pure crystalline silicon starting at the wavelength of 2000 nm down to 240 nm. Second, the measured ellipsometric parameters (Ψ,Δ) of each sample were fitted using the following three layer model: [15, 16] . 3. Roughness: simulated by an effective medium approximation of 50% underlying layer material and 50% voids [17] .
The resulting wavelength dependent extinction coefficient k(λ) was transformed into the absorption coefficient via = k ( ) 4 / , which allows to extract the Urbach tail width E 0 [2] with a fit in the region of 10 1 cm −1 < α < 5⋅10 3 cm −1 . For amorphous semiconductors, the optical bandgap is not clearly defined due to the continuous decay of the band tail density of states [12] . However, in the literature the term optical bandgap usually refers to the value obtained by the so called "Tauc-plot" analysis [18] , which was also applied in the present study to extract the optical bandgap value E gap,tauc . As comparison, also the optical bandgap E gap,fit from the Tauc-Lorentz parametrization of the SE fit was considered.
The uncertainties of the optical constants were determined starting from a Gaussian uncertainty propagation of the Tauc-Lorentz parametrization with the errors of the fit parameters as input values. For E gap,fit the uncertainty is the SE fit parameter error, and for E 0 and E gap,tauc the uncertainties were obtained by the error of the fits described in the corresponding references [2, 18] .
Fourier-transform infrared spectroscopy
Hydrogen bonding states, hydrogen concentration c H and the microstructure of the layers were analyzed by Fourier-transform infrared spectroscopy (FT-IR) using a commercial tool (Vertex 80 from Bruker Optics) in the spectral range from 400 to 2500 cm −1 with a resolution of 4 cm −1 averaging over 50 spectra. After a polynomial baseline correction of the absorbance spectrum and the subtraction of a reference sample spectrum, the wavenumber dependent effective absorption coefficient
was determined with the baseline and reference corrected absorbance A(ω) and the layer thickness d determined by SE. From this the absorption strength of each absorption peak was determined by integrating each peak via
where x is the literature absorption peak position and α(ω) is the corresponding Gauss curve from a standard two-Gaussian fit in the range of the corresponding absorption band (see Table 2 ). The uncertainty of each absorption strength was estimated by the difference between the absorption strength and the integrated Gaussian uncertainty propagation of the corresponding integrand of Eq. (2) with the 95% confidence intervals of the fit parameters as uncertainty input. From these absorption strengths the corresponding bond density is calculated via
with A x experimentally determined proportionality constants A 2080 = 1.6⋅10 19 cm −2 and A 2000 ≈ A 2080 = 9.1⋅10 19 cm −2 [21] . z is either Si-H/Si-H 2 for x = 640, Si-H for x = 2000 or Si-H 2 for x = 2080. These bond densities can be divided by the silicon monocrystal bond density n Si = 5⋅10 22 cm −3 in order to obtain the hydrogen concentrations via
with a summation over all peaks of either the wagging or the stretching band.
In the present study, the bending and stretching absorption bands of silicon hydrogen bonds in a-Si:H were analyzed in depth, while the wagging band was only used for determination of the hydrogen concentration (see Table 2 ). For the bending band (820-940 cm −1 ) it is assumed that the absorption peak at 840 cm −1 is a result of interactions between Si-H 2 pairs or (Si-H 2 ) n chains, whereas mostly isolated Si-H 2 bonds contribute to the absorption peak at 880 cm −1 [19] . Following the authors in [19] the ratio
can be considered as indicator for microvoid formation, as the inner surfaces of such microvoids are assumed to be decorated by Si-H 2 bonds, which are then close enough to each other to build Si-H 2 pairs or (Si-H 2 ) n chains. Consequently, in a less ordered amorphous network with many microvoids the ratio Q should be higher than in a wellstructured network with only few microvoids. The stretching band (1900-2180 cm −1 ) can be used for both the determination of the hydrogen concentration and as indicator for structural differences. Typically, the absorption peak at 2000 cm −1 is Si-H 2 [20] attributed to silicon monohydride (Si-H) bonds and the peak at 2080 cm −1 to silicon dihydride (Si-H 2 ) bonds [22] . This clear attribution is constantly discussed in the literature [19, 21, 23, 24] but it is sufficient for the purpose of this study. For the determination of c H , the bond densities of both absorption peaks at 2000 cm −1 and 2080 cm −1 have to be summed up and then divided by the silicon atomic density of 5⋅10 22 cm −3 [21] . Another typical measure for structural differences is the microstructure factor [25] .
which is higher for a less structured amorphous network, since such a network offers more silicon atoms with two dangling bonds for Si-H 2 formation than a well-structured network. Also the above discussed decoration of microvoids by Si-H 2 bonds leads to a higher microstructure factor. Since the corresponding Si-H 2 bonds contribute to the absorption peak also if they are isolated, R should be basically independent of the hydrogen concentration. In contrast, the absorption peak at 840 cm −1 for the ratio Q only appears if the distance between two Si-H 2 bonds is sufficiently small, which clearly depends on the hydrogen concentration, i.e. at low hydrogen concentration Q could be small even if microvoids are present.
Results and discussion
3.1. Hydrogen concentration and structural disorder Fig. 1a,b) show the wavenumber dependent absorption coefficients of all samples in the above specified ranges of the silicon hydrogen absorption bands. The layer thicknesses necessary for determination of the absorption strengths from Eq. (2) and the absorption strengths for each absorption peak are shown in Table 3 . The layer thicknesses are in a range, where they might act as anti-reflective layer and cause interference oscillations in the FT-IR spectra. The effect was only observed for the samples deposited at 100-200°C in a range of roughly 2-4% amplitude in the transmittance spectrum, which was considered for these samples as uncertainty on the fitted peak height.
In Fig. 1a,b) an obvious trend is observed for a decreasing overall Fig. 1 . FT-IR measured effective absorption coefficients for a) the bending and b) the stretching absorption band of hydrogen in a-Si:H. c) Hydrogen concentration determined from NRA measurements taken from [13] and from the FT-IR wagging and stretching band (Eq. (4)). d) Microstructure factor R and ratio Q according to Eqs. (5)- (6) . Lines as guide for the eye. absorption coefficient with increasing deposition temperature, which is due to a lower hydrogen concentration as depicted in Fig. 1c ). The NRA data were published elsewhere [13] and due to the small error they act as reference for the FT-IR determined hydrogen concentrations. The hydrogen concentration derived from the FT-IR measurements (Eq. (4)) are up to~2 at.% lower than the NRA measured concentrations, which could be a consequence of the fact that NRA measures the total hydrogen concentration, while FT-IR measures the bonded hydrogen only. Consequently, one could conclude the presence of trapped molecular hydrogen within the layers deposited at medium deposition temperatures in the range of 150-400°C [26] . Nevertheless, irrespective of the method used for their determination, all hydrogen concentrations plotted in Fig. 1c ) agree regarding the decreasing trend with higher deposition temperatures and the absolute value for each deposition temperature.
The microstructure factor R, estimated from the stretching band ( Fig. 1a ) and the ratio Q, estimated from the bending band Fig. 1b) , show a similar decreasing trend with increasing deposition temperature Fig. 1d) , which corresponds to a decrease in structural disorder. Even if the ratio Q is not necessarily a useful parameter for the disorder for low c H as stated above, the trend can be trusted as it is confirmed by the microstructure factor R.
The microvoid volume fraction c void
To investigate the structural disorder in more detail, the microvoid volume fraction c void in the a-Si:H layers is introduced. The advantage compared to the disorder parameters R and Q is, that it is determined by a combination of the three independent measurement techniques SE, FT-IR and NRA.
Therefore, the wavelength dependent optical constants as obtained by the SE fit procedure described in Sec. 2.2 for all deposition temperatures are presented in Fig. 2 . Over the whole spectrum there is a dependency of higher refractive index with higher deposition temperature, especially for the refractive index at 2000 nm (see Table 4 ). The only exception is the maximum value at roughly 275 nm for the sample with a deposition temperature of 200°C. The increasing refractive index can be explained by the lowering of the hydrogen concentration with increasing deposition temperature as observed by the FT-IR analysis above ( Fig. 1c) [8, 27] . The extinction coefficient does not follow such a clear trend and will be discussed later.
From these SE results and the NRA determined hydrogen concentrations, the mass density of a-Si:H as function of the hydrogen concentration and the refractive index can be derived as described in [ 
with the refractive index n ∞ for λ → ∞ approximated by the refractive index at 2000 nm from the SE measurements (see Table 4 ), m Si the mass of a silicon atom, c H the NRA measured hydrogen concentration from [13] (see Table 4 with p the fraction of the amorphous phase, which is here set to 1 under the assumption of a fully amorphous material, so that the expression is simplified to = /2
Si Si a Si , with α Si-Si,a-Si = 1.96⋅10 −24 cm 3 the polarizability of the Si-Si bond in the amorphous phase [28] . The resulting mass densities are depicted in Table 4 .
From these a-Si:H mass densities and the stretching FT-IR absorption bond densities N Si-H and N Si-H2 (Table 3) , the authors in [20] established a method to determine the microvoid density 
under the assumption of a spherical void shape. ρ S = 7.83⋅10 14 cm −2 is the bonded H density on the inner surfaces of a microvoid, ρ Si = 2.33 g⋅cm −3 the crystalline silicon mass density and m H the mass of a hydrogen atom. The resulting void densities and diameters are similar to previously published results [20, 29] and are presented in Fig. 3 . The microvoid density decreases with increasing deposition temperature, as it is expected from the decreasing structural disorder concluded from disorder ratios R and Q (Fig. 1d) . Unexpectedly, the microvoid diameter increases at the same time. To resolve these reverse trends, the microvoid volume fraction
is introduced and also presented in Fig. 3 . c void describes the volume fraction of microvoids in the a-Si:H material under the assumption of a spherical void shape. From Fig. 3 it is evident, that the volume fraction of microvoids decreases with increasing deposition temperature and hence it confirms the observation of decreasing disorder as concluded from the disorder parameters R and Q. Since c void is determined by three independent methods (SE, FT-IR, NRA), it has more significance than R and Q, which were determined solely by FT-IR.
The optical bandgap E gap
For the extinction coefficient no monotonic dependency on the deposition temperature was observed (Fig. 2b) . As it is the basis for the determination of the optical bandgap, also for E gap no monotonic dependency was found (Fig. 4a ). With increasing deposition temperature, both optical bandgap values decrease significantly from above 1.75 eV at 100°C up to a local minimum at 250°C of below 1.5 eV and then increase again up to above 1.8 eV at 400°C, which are similar to the values at 100°C. The optical bandgap values from the Tauc-plot analysis E gap,tauc show much larger errors and so it is used in the following analysis as worst case approximation. The Urbach tail width follows an inverted trend with a maximum at 250°C and so a linear correlation between E 0 and E gap was observed as shown in Fig. 4b) , which is in line with previous publications [2, 30] .
Previously published deposition temperature dependencies of E gap did not show a local minimum as in the present study [4, 11] . However, in [10] a similar local minimum was found in the deposition temperature range of 250-300°C for the microstructure factor R and the Urbach tail width E 0 , but not for E gap .
In the case of post-deposition anneals, monotonic decreasing E gap values were found for up to 350°C [2] and 500°C [31] during which hydrogen effusion is assumed to increase the structural disorder [12] . An important difference between their experiments and the experiments in the present study is, that the increase of the post-deposition annealing temperature decreases the hydrogen concentration and increases the structural disorder, while the increase of the deposition temperature in the present study decreases the hydrogen concentration (Fig. 1c ), but at the same time also decreases the structural disorder as can be seen by the decrease of the disorder ratios R and Q (Fig. 1d) . So for the variation of the deposition temperature, the hydrogen concentration and the structural disorder are assumed to be competing effects, which could give an explanation for the local minimum of E gap as follows: For deposition temperatures < 250°C the decrease of the hydrogen concentration is the dominating effect reducing E gap , while for deposition temperatures > 250°C the decrease in structural disorder becomes the dominating effect, which increases E gap .
The correlation between the Si-H bond density and E gap
Following the discussion in the literature, in this section the influence of the hydrogen concentration and the microvoid volume fraction c void as measure for the structural disorder on E gap are discussed in more detail. In Fig. 5a,b ) E gap is plotted versus both measures and it is evident, that, contrary to previous publications, neither the hydrogen concentration nor the structural disorder in terms of c void is able to describe the dependency of E gap , as the local minimum is also present in these plots.
In Fig. 5c ) the Si-H bond density N Si-H is plotted versus the deposition temperature and a local minimum at roughly 250°C is observable similar to the minimum of E gap (Fig. 4a) . Hence, the Si-H bond density follows the same trend as E gap under variation of the deposition temperature and so it seems to be more appropriate to describe the variations of E gap than the hydrogen concentration or the structural disorder. The reason for that might be, that the Si-H bond density is influenced by both factors: It decreases with decreasing hydrogen concentration under constant structural disorder, and it increases with decreasing structural disorder under constant hydrogen concentration. These are exactly the same dependencies claimed above for the explanation of the local minimum of E gap via both the hydrogen concentration and the structural disorder. And indeed, in Fig. 5d ) the Si-H bond density N Si-H is plotted versus E gap and the local minimum of E gap is not present. Instead, a monotonic increasing dependency is observed. The just raised hypothesis is supported by previously published monotonic increasing relationships between the Si-H bond density and E gap [31, 32] .
The E gap dependency on the Si-H bond density was fitted with the following exponential function
with standard fit parameters a, b and an asymptotic maximum optical bandgap value E max for high Si-H bond densities, in the following referred to as high Si-H bond density regime. Due to the three degrees of freedom and only six data points the fit should be only read as a rough estimate. Nevertheless, an interesting correlation to the above mentioned constant E gap values in [11] is observed. Therein, the authors measured E gap values of PECVD deposited a-Si:H in the range of 1.72-1.76 eV under variation of the deposition temperature between 50 and 200°C. The fitted asymptotic value of E max = 1.78 eV (Fig. 5d ) in the present study is close to that range. Following this observation one could explain the constant E gap values in [11] with the hypothesis that their layers have to be classified in the high Si-H bond density regime. This assumption of a high Si-H bond density is supported by the large hydrogen concentration for a-Si:H layers deposited at temperatures < 200°C (Fig. 1c ). Also the simulated E gap values in [9] , which are independent of the hydrogen concentration for hydrogen saturated a-Si:H, are supported by this hypothesis. Saturated a-Si:H with a large hydrogen concentration could be considered to feature a high Si-H bond density and hence should also be classified in the high Si-H bond density regime, leading to the observed constant E gap values.
Conclusions
It was shown that both the hydrogen concentration and the structural disorder are necessary to describe the observed local minimum of the optical bandgap of a-Si:H under variation of the deposition temperature, while the Si-H bond density describes this dependency alone. Therefore it is concluded, that the Si-H bond density is more appropriate for describing variations of the optical bandgap than the hydrogen concentration and the structural disorder. Following the hypothesis of a high Si-H bond density regime it is possible to explain previously published constant E gap values under variation of the hydrogen concentration and structural disorder in [9, 11] .
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